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LHC and Tevatron searches for Higgs require
exclusive (differential) jet cross sections

Signal and backgrounds for Same effect is illustrated below for
H — WW vary differently pp — WIW — lviv
as a function of jet multiplicity
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signal is for mpy = 165 GeV
Teppo Jouttenus (MIT) 2



Exclusive N-jet cross sections
are defined with a jet veto

A, t We require that all but N jets
v have pf. < pi

/A cut

Pr

p ?ES\P = In? 0 large logarithms
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Exclusive N-jet cross sections
are defined with a jet veto

N-jettiness quantifies the distance of particles  Stewart, Tackmann,Waalewijn
from beam d, ;(p) and jet directions

TN — Z‘ﬁkT‘min{da(pk)adb(pk)a y 9 * }
k

Tn has dimensions of momentum

It is similar to thrust
N pencil-like jets:  Zn =0
More than N jets: 7Ty ~ Q)

TN — TN[Qa7Qb7q17---7QN]
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Exclusive N-jet cross sections
are defined with a jet veto

Jet

We require that all but N jets

jet cut

have pr < pr

cut
Pr

Q

= In? large logarithms

T < T directly constrains all radiation
to be collinear to N+2 directions or soft

cut
2 TN

Q

N-jettiness factorizes naturally
— resummation is easier

= In

large logarithms
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Large logarithmic terms dominate

. . . cut
exclusive jet cross sections L=1In Tg
ON—jet = 1
g 2) cut )
+ asL? |+ asL + as + asni (73" NLO
+ a2L* |+ o213 + o?L? + o°L o +oz§n2(7]\c,“t)j NNLO
N
-+ ozf;’L6 -+ a§L5 + a§L4 -+ of;’L3 ozf;’LQ —I—OéL +
+Ho o+ o+ o+ o+ o+ o+
LL

. . cut
Inclusive cross section has 7" ~ () so L <1

Exclusive cross section: 75" < @Q, tight cut can give a;L* ~ 1 or a,L ~ 1

Resummation is necessary

When 1 < L < 1/ay, resummation improves accuracy
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Large logarithmic terms dominate

. . . cut
exclusive jet cross sections L=1In Tg
ON—jet = 1
—F(CVSLQ + a. L + a, —I—W asny (T) NLO
+a?L* + %1% + %1% + oL |+ o2 +a2ne(T8) NNLO
-+ ozf;’L6 -+ ozi’L5 + a§L4 -+ aZ’L3 aZ’LQ —|—04§L +
+ + 4+ + + o+ o+
NNLL
C Non-cusp Fixed order
usp anomalous .
dimension anomalous | for matching
dimension | QCD to SCET
1-loop - tree Parton shower codes
3—I60p 2—Io.op Enabled by our work
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NNLL Resummation for
N-jet Production at Hadron Colliders

Resummation ingredients

Jet Jet

L ——— Two facets of N-jettiness
‘ — Jet definition
Observable
W/Z Soft calculation

Teppo Jouttenus (MIT) 8



Soft-Collinear Effective Theory (SCET)
factorizes hard, collinear and soft physics

Bauer, Fleming, Pirjol, Stewart

N
Factorlzatlon.enables resummation oN = HN(N)X{Ba(H)Bb(,UJ)H }@)
of large logarithms between i1
different scales T

11r12—N:211r12——11r12 +

Hard function can be obtained H

using 1-loop QCD calculation i~ 0, up
— 9 9 9

Collinear radiation is described by
beam functions and jet functions

: Jet
Our calculation

is the last missing ingredient for D
NNLL resummation

wW/Z



Hard function is obtained by Locp ~ Cy - Oy
matching QCD to SCET fiy = Cn Gl

The matching coefficient is given by the IR-finite part of the QCD-amplitude (in dim.reg.)

Calaa“'an—lan

N (P1,DP2; -+ s Pn—1,Dn)
= Afinite(¢"* (P1),9"%(D2),-- -, 9" (Pn=1), 9" (Pn))

Some QCD calculations that have been used in matching

gqg — H at NNLO Dawson Ravindran, Smith, van Neerven
Djouadi, Spira, Graudenz, Zerwas Pak, Rogal, Steinhauser
Harlander, Kilgore Harlander, Mantler, Marzani, Ozeren

Anastasiou, Melnikov

Drell-Yan at NNLO  Altarelli, K. Ellis, Martinelli Harlander, Kilgore
Hamberg, van Neerven, Matsuura Anastasiou, Dixon, Melnikov, Petriello

Direct photon production at NLO Aurenche, Douiri, Baier, Fontannaz, Schiff
Gordon,Vogelsang

Two jet production at hadron colliders at NLO K. Ellis, Furman, Haber, Hinchliffe
K. Ellis, Sexton
Kunszt, Signer, Trocsanyi

pp) pp — tt at NLO . Czakon, Mitov

Nason, Dawson, K. Ellis Bonciani, Ferroglia, Gehrmann, Maitre, Studerus

Beenakker, Kuijf, van Neerven, Meng, Schuler, Smith Frixione, Mangano, Nason, Ridolfi 10



o(75") [pb]

Cross section for pp — H — W W shows
the significant impact of resummation

Berger, Marcantonini, Stewart, Tackmann,Waalewijn

]_O:IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIII: 10:IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIII
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Ay
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: | | —|NNL0 | g - mg=165GeV -
L e L A o ,:» o b b oo b A
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Resummation matters most for Resummation improves convergence
Tcut . Tcut .
small values of /e = /o of perturbation theory
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NNLL Resummation for
N-jet Production at Hadron Colliders

Jet : : :
e Resummation ingredients
et | Jet Two facets of N-jettiness
——— = — Jet definition
\ Observable
W,z Jet Soft calculation
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Jet definition:

N-jettiness divides particles into jet and beam regions

Tn = Z|ﬁkT\ min{dq (pr), do(Pr), d1(Pr), d2(Pk)s -« dn (Pr) }

k
N ql 3 LT T T T ‘ T T ‘ T ‘ [T \i\ T FT T ‘ T T ‘ T T ‘ T T
\ / ) i : geometric -
. 7 2 Jet 1 : measure —]
B - - | -
\\ - ]. [ I —]
\ P - | _
- - I -
da i (_Qb © 0~ Beambd | Beama
P — - %mg -
N —1- EHEEE —
B “g_-ggﬁgJet 2 7
—2 I —]
- | -
- | -
// \\ _3 CCL 1] ‘ I ‘ I ‘ I ‘ I i I ‘ I ‘ [ ‘ [ ‘ LT
W/Z , > -5 4 -3 -2 -1 0 1 2 3 4 5

n
deb(pr) = eT"x

d;(pr)= 2 cosh An,;i — 2cos Adji
~ (Anjr)* + (Adjk)’
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Jet definition:

N-jettiness divides particles into jet and beam regions

Tn = ZWM\ min{dq (pr), do(Pr), d1(Pr), d2(Pk)s -« dn (Pr) }
k
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1 = —1
E L E L EJet 2 _
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kT ) — S .
d;(pr)= 2 cosh An,;i — 2cos Adji

~ (Anjr)? + (Apjk)?
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Observable;

Measuring N-jettiness defines exclusive N-jet cross sections

Cross section fully differential in

1 qi ] _ o~
Ny T = ) |bkrl d;(pr)
. ~
TN ' 7 kE]
N / N-jettiness measures jet mass
qa ——— —A(b - -
, \\ M: = P: = |pp| Ty,
> ’ | \\\\ Tb p—
P \ I where P; =} ;. Dk
W/Z To "NV Factorization requires

small jet masses

do phase _ i
= [da,da, [d Tn=2.,Ty <Q
d72dTY - -dTY / Tatty / (Space> N

N
X Ir |:ﬁN/dta Ba(ta,a:a) /dtb Bb(tb,wb) H /dSJ JJ(SJ)
J=1

color



NNLL Resummation for
N-jet Production at Hadron Colliders

Resummation ingredients

Jet Jet

L ——— Two facets of N-jettiness
‘ — Jet definition
Observable
W/Z Soft calculation
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The soft function describes radiation
connecting the collinear sectors

.
PR
- .*
.
.
.

i Sy O(IT%) (ITo - on) (II%) o)

adN ¢'=q'/Qi, i€{a,b1,...,N}

, o 1-jettiness angular phase space
e RS is divided into three jet regions

. .
;;;;
. .
.
.

-
.
s

.. .7 O1(p) =0(Ga-P—G1-p)0(Gp P —G1 - p)
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Calculation simplifies by first choosing
the eikonal lines producing the gluon

SN = E T - Tj S eikonal lines producing the gluon
17

Sl2 323 313
N YR
= + +
3 3

3 3

and then seeing which region it ends up in

¥

1 2
S12 = 5112 + S%z + 5?2 — 511:“~VS%2

3 SP

L— S direction of the outgoing gluon
ij = g —
m

|18



Hemisphere decomposition
for attachment (i, j)

hemisphere non-hemisphere
. ; . [ )
" m F zg hemi jz hemi y ’L_] m gz m D
Produce a gluon from eikonal lines (|,!) | Sy ~ Z /dd i 2
Double divergences are along these directions qj - p)

Split remaining region(s) into two hemispheres
1-jettiness has only three regions

Extend regions (i, j) to full hemispheres

Hemispheres contain all the divergences
and give the expected anomalous dimension

Non-hemisphere contributions are UV and IR finite
as will be shown later Teppo Jouttenus (MT) 19



Hemisphere decomposition
for attachment (i, j)

*‘s‘”“" D¢ ) < 11 s s

g hemi ] i,hemi

m=1 m%j
Fij hemi = @%emi (p) 0lk; — i - pl H o (ki) @?jemi (p)=0(q4; -p—3q; - p)
I+
Fij,m — @?jemi(p) @m(p) Hl;éi,m5(kl) @’m(p) = H 6)<qu "D — qu ) p)

l#Fm
X {5(1%) 6[km — qm 'p] — 5[7% — i 'p] 5(km)} kz — lz,soft

Teppo Jouttenus (MIT) 20



Hemisphere contributions
contain all UV divergences

(removed by adding counterterms)

Sw({ki}) = LT [oka) +D i T[S e ((ki}) + D Sion ({ki})

1] m#£1,]
+ O(a2)

Sz(jl)heml({ki}v :LL)

- [ﬁ;- in (ﬁ;i- 7 u> 5 5(/@7;)]5@,)5(%)

The (i, j) hemisphere contribution only
depends on ¢; - ¢;, not on other ¢, +

The anomalous dimension is determined

by the hemisphere contribution Fijhemi  Fjihemi
Teppo Jouttenus (MIT) 21



Non-hemisphere contributions
depend on angles between all jets

bare 1 ) ' 9(pz) @(pj)
zg m( )({k }) /dﬂd_2 dp dpj (pipj)l—l—e

x [5(/@-) §(km — p™) — 0(ki — pt) 8 (k)
x 6(k;) 0(p” — p*) Om(p)

There is a non-hemisphere term
for each jet region m # 1, j

/”—-'
.,

Divergences are regulated as follows

Soft taking the difference
Uv measurement \ ,
Collinear restriction to region m F: .

17,M
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Explicit expression for 1-jettiness
non-hemisphere contribution

S (ki )

_ 0‘875“) {10 Ezo(%) 5 (k) — 6 (k) %Lo(%n) +In q; (Z“ 0(ki) 0(km) | (k)

+ I 5(ki)6(kj)6(km)}

gbcut(a,ﬁ) d¢ y+(¢7 Oé) ¢max(a) d¢ y_|_(¢, Oé)
T — 9 — In 20— —1 In
0(0476) /O e /ﬂ/Oz (& g ) /QSut(Oé B) T y—(¢704)

ut(O‘ 5)
ned =2 [ 600 6.00.0) - GV 0)]
(bmaX(O‘)
L 20(a— B —1) / “ 165+ (6,0).0) ~ C(y—(6.).9)]
cut(a B)
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Explicit expression for 1-jettiness
non-hemisphere contribution

qbcut(oz,ﬁ) d¢ y+(¢7 CV) Qbmax(@) d¢ y‘|‘(¢7 Oé)
0(0&, ﬁ) -/O Tr " A/ ﬁ/Oz (& 6 ) /gbcut (a,ﬁ) 7T ny— (¢7 Ck)

Geut (@, 0) d¢
hap) =2 L6W6.0).0) - G(VB]a0)]
Gmax () dqb
221 [ L[G(0.0).0) - Gly-(8ra).9)]

beut (@, 0) T
0 Va— VB =1, o = qf’,'éff’
GPmax () = arcsin %, Peut(, 3) =T wtB-1 \/&"'\./B <1, 6 _ quzz(jqi
\arccos NG otherwise . q; ‘ij

y_(6,0) = cos ¢ — \/1/a —sin,
yi(6,0) = cosd + 1/1/a — sin

G(y,¢) = —2Re[Liz(ye'?)]
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Hemisphere decomposition works for
N-jettiness and other observables

Definition of I’ does not depend on
® number of jets

i 4

Fijhemi =0(4; -p—qi-p)olki — ¢i-p| 5(kl)

144

Fijm =004 -p—34i-p) Om(p) 5(/@)
X {5(1@) Olkm — Gm -p|—0lki— q;-p] 5(km)}
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N-jettiness result is
very similar to 1-jettiness

More delta functions

Si(;,)hemi ({k’t}7 :u)

= — [ — — — 0(k;) O(kp,)
Am 1\/2Gi -G \\/2¢ - G5 6 nl,;[

Same form but more theta functions in Iy, 1y

57;(},3”({ki},u)
() {Fﬁo (50 8(0) = 000k 2 £ (Bm) 410 L 1, 5(%)}

m pooN v p di - q;

+ (1) otk 5<km>} 5(km)

[#i,m

Teppo Jouttenus (MIT) 26



N-jettiness result is
very similar to 1-jettiness

Same form but more theta functions in Iy, Iy

( 767 {alaﬁl7¢l}
1

:—/_ d¢/dy ﬂ/oz) (a—l—y2—|—2ycos¢)
X HH[Oél—le(ﬁz—l)y — 2y auf; COS(¢+¢Z)—COS¢H
l

Il(aaﬁa {al75l7¢l})
— %/_10@/% In(1+y* — 2ycos @) O(y — \/B/«) 9(% —1—y° + 2y cos ¢)
< [T 6[er =1+ (5 = 1)y? = 20 [Vl cos(é+ o) — cos ]|
l

This is the minimal extra complication o = Ldm 3 = %dm

" : di-q; ’ di-q;

from additional jets o — 4 B = i
qj dm’ di*qm 27



Hemisphere decomposition works for
N-jettiness and other observables

® number of jets

i
Fijhemi = 9(qu P — ;- ) k — ¢ - H 0 kl

zgm — ‘9 QJ P — QZ - Hl;ézm kl

X {5(kz)5[km 0lki — Gi - P]5(k’m)}

Definition of I’ does not depend on

B specification of regions
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Hemisphere decomposition works for
N-jettiness and other observables

Definition of I’ does not depend on
® number of jets
B specification of regions

i B observables
i 4
Eijhemi = 0(4; -p — Gi - p) 0lk; — ] H 0 (k1)

I3
Eijm =0(4; -p— qi - p) Om(p) Hl;éi,m 0 (k1)
x {0(k:) 0lkm — (Fmn (p))] = 01k = (F2(p))) 0 (k) |
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Conclusions

m SCET is powerful for analyzing jet processes with experimental cuts
Exclusive jet cross sections include large logarithms

Can systematically improve fixed order calculations by resummation

® Our calculation enables NNLL resummation for exclusive jet production

1-loop soft function was the last missing ingredient

= Future work
Direct photon /W / Higgs + 1 jet
Use the freedom in the choice of (jet algorithms, etc.)
Calculate N-jet soft functions for

Hemisphere structure of the anomalous dimension
suggests that extension to is feasible
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